ABSTRACT The poly(ADP-ribosylation) of histones, which occurs within a limited and functionally specific domain of chromatin, is a novel post-translational modification. However, in the past it has been difficult to study this process in living cells because the substrate of the reaction (NAD) does not permeate the plasma membrane. In the current study, antibodies specific for histone Hi and poly(ADP-ribose) were used to study the occurrence of poly(ADP-ribose)+ species of HI in vivo. Perchloric acid-extracted proteins from synchronously growing HeLa-cells were fractionated by electrophoresis and transferred to nitrocellulose, and the transferred moieties were allowed to react with the specific antibodies and then with '251-labeled protein A. The results conclusively demonstrate the natural occurrence of poly(ADP-ribose)-crosslinked complexes of histone HI (i.e., HI dimer), at the S/ G2 phase transition of the cell cycle.
The chromatin-associated enzyme poly(ADP-ribose) polymerase catalyzes the successive transfer of the ADP-ribose moiety of NAD to various nuclear protein acceptors, including core histones, histone H1, and polymerase as well (1) (2) (3) (4) . Recently, this system has attracted considerable attention as a result of various observations suggesting that poly(ADP-ribosylation) is significantly activated during DNA repair. This activation may be due to the signal generated by single-stranded DNA regions present in damaged chromatin (5) (6) (7) (8) . In vitro studies utilizing nuclei (9) or purified nucleosomes (10) indicate that the polymerase catalyzes the synthesis of a complex of H1 containing two H1 molecules connected by a 15-unit oligo(ADP-ribose). H1 has been implicated in the condensation of the spacer regions of DNA between nucleosome particles (11) and in sustaining higher-ordered structures of chromatin (12, 13) . Accordingly, it is conceivable that the H1 dimer complex plays an important role in DNA repair by stabilizing regions of nucleosomes containing single-strand breaks while repair progresses. However, definitive proof for the in vivo occurrence of the poly(ADP-ribose)-Hl dimer has been lacking.
Although the poly(ADP-ribosylation) of nuclear proteins has been well established in vitro (1) (2) (3) (4) , -the demonstration of the existence ofsuch complexes in vivo is limited. Doly and Mandel (14) presented the first evidence that the polymer exists in vitro by isolating 2'-(5"-phosphoribosyl-5'-AMP) from phosphodiesterase digests of phenol extracts after injection of [32P] orthophosphate in chickens. Ueda et al. (15) demonstrated poly(ADP-ribose) bound to histone fractions by injecting [I4C]ribose into rats. A major experimental problem inherent in studying this system in vivo thus far has been the inability to introduce the substrate.ofthe polymerase, NAD, directly into living cells without resorting to relatively harsh procedures for making cells permeable. When it has been studied in intact tissues, there is doubt as to whether the dimerization of Hi by poly(ADP-ribosylation) progresses in vivo (16) .
Recently, a highly specific antiserum directed against poly(ADP-ribose) polymer was characterized (17, 18) . Because this antibody binds with high affinity to poly(ADP-ribose)+ histones, we 'have developed a precise method, utilizing this antibody, to investigate the levels of poly(ADP-ribose)+ proteins within cells. Antibodies to HI have also been elicited and used for various studies involving this histone (19, 20) . The availability ofthese two antibodies allows us to study whether poly(ADPribose) is linked to H1 in vivo. Hi and its various modified species are selectively extracted from viable HeLa cells, separated by gel electrophoresis, blotted to nitrocellulose, and subsequently identified and quantitated with antibody to poly(ADPribose) polymer and "2I-labeled protein A (125I-protein A). The procedure is quite sensitive and will prove useful for the study of various in vivo functions of poly(ADP-ribosylation) reactions of nuclear protein. In this paper, experiments supporting the natural occurrence of the Hl-poly(ADP-ribose) dimer are described.
MATERIALS AND METHODS HeLa Cell Growth and Preparation of Nuclei. HeLa S3 cells were maintained at 370C in spinner flasks in Eagle medium containing 1% fetal calf serum and 9% horse serum. Cells were harvested by centrifugation and washed with spinner salts.
HeLa nuclei were prepared by the method of Sporn et al. (21) and washed with 0.25 M sucrose/5 mM Tris-HCl, pH 7.5/ 1 mM CaCl2/80 mM NaCl containing 0.3% Triton X-100.
Cell Synchronization. HeLa cells at 5 X 105/ml were blocked at the G1/S boundary by the addition of methotrexate (23 pg/liter) as described (22) . After 16 hr, the block was reversed by addition of thymidine (10 ,AtM). The cell number was measured, and the rate of DNA synthesis was determined by pulse labeling 1 ml ofcultured cells for 15 min with [3H]thymidine at various time intervals.
Analysis of Acid-Soluble Proteins on Acetic Acid/Poly--acrylamide/Urea Gels. HeLa nuclei were incubated with 25 pM [32P]NAD (1 p.Ci; 1 Ci = 3.7 x 1010 Bq; New England Nuclear) and extracted for Hi and Hi complex as described by Nolan et al (10) . Separation on acetic acid/urea gels (15% polyacrylamide) was performed according to Panyim and Chalkley (23) . The gels were stained with amido black, destained with 40% methanol/7% acetic acid, dried on a Bio-Rad model 224 slab gel drier, and exposed to x-ray film at -70'C for appropriate time periods.
Electrophoretic Transfer from Polyacrylamide Gels to Nitrocellulose Sheets. Protein blotting was performed as described by Towbin -et at (24) with the following modification.
Abbreviation: Pi/NaCl, phosphate-buffered saline.
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H1 fractions resolved in acetic acid/urea gels were electrophoretically transferred to nitrocellulose sheets with 0.9 M acetic acid as the transfer buffer.
Immunological Detection of Proteins on Nitrocellulose Sheets. The nitrocellulose sheets were coated with 3% bovine serum albnmin at 370C and washed with phosphate-buffered saline at pH 7 (Pi/NaCl). Subsequently, the sheets were incubated with either antiserum directed against Hi (19, 20) or an anti-poly(ADP-ribose) IgG fraction (17, 18) (Fig. 1). [The in vitro synthesis of Hi dimer, utilizing either nuclei or purified nucleosomes, is known to be stoichiometric with respect to NAD concentration (10, 26, 27) .] Nuclei were incubated with 0.1 pM
[32P]NAD for 30 sec, after which Hi was selectively extracted and subjected to electrophoresis and autoradiography (lane 1).
[At this limiting concentration of substrate, the predominant poly(ADP-ribose)+ species ofHi observed was the mono(ADPribosylated) form of H1.] The 32P-labeled material was subsequently chased by incubation with 100 AM unlabeled NAD, and the samples were analyzed in a similar manner at 1 min (lane 2) and 5 min (lane 3) after the chase. A series of 15-16 partially modified histone H1 species were detectedby autoradiography. After 5 min of chase these were almost totally converted to mature HI complex (lane 3). In an earlier study using an alternative analysis, it was found that the above intermediates in the reaction. migrated close to unmodified Hi on sodium dodecyl sulfate gel electrophoresis, whereas the dimer (i.e., the limit, top-band product) migrated at a position indicating a molecular weight approximately twice that of Hi (10) .
When nuclei were incubated in vitro directly with 100 ,M [32P]NAD for 15 min ( Fig. 1 ; lane 4), partially modified Hi species with progressively longer polymer chains (10, 26) as well as considerable Hi dimer complex were evident. Because the intracellular concentration (mainly within the nucleus) of NAD has been reported to range between 100 and 300,M (28), such partially modified species of HI, as well as dimer, could be expected to be apparent during the subsequent in vivo analyses.
Immunological Detection of in, Vitro Modified HI. To test whether anti-poly(ADP-ribose) antibody would detect these ADP-ribosylated proteins, an experiment identical to that of It was also apparent from the duplicate blots that were allowed to react with H1 antiserum (lane 6) that at any one time only asmall population ofthe H1 molecules potentially available for poly(ADP-ribosylation) participated in the poly(ADP-ribosylation) reaction. The nucleosomal histones and H1 undergoing ADP-ribosylation may represent only those domains, of chromatin adjacent to DNA strand breaks, as discussed earlier.
It was noted (lane 6) that the major extracted histone appearing on the blot migrated with a mobility identical to that of H1 as determined by its reactivity with H1 antiserum. This had been previously demonstrated indirectly by using gels. stained for protein (9, 10) . However, none of the partially A.DP-ribosylated H1 intermediates migrating between unmodified H1 and H1 dimer, nor the H1 complex itself, was present in a sufficient quantity to be detected by reactivity with the H1 antiserum; although both were clearly evident by either [32P]NAD labeling or reactivity with anti-poly(ADP-ribose) IgG. Moreover, we were unable to detect endogenous poly(ADP-ribose)+ H1 species by the use of the anti-poly(ADP-ribose) antibody in nuclei that had not been-previously incubated with nonradioactive NAD in vitro (data not shown). Although derived from experiments performed in vitro, these data indicated that the polymer antibody could be useful in detecting poly(ADP-ribose)'
Hi in whole cells. However, this would be feasible only if a sufficient quantity of the histone were undergoing this particular nuclear protein modification.
Furthermore, although the biosynthetic intermediates and ultimate reaction product clearly contained poly(ADP-ribose) as evidenced by the coincidence of 32P labeling from NAD and the reactivity with poly(ADP-ribose) antibody with the various bands, the data of Fig. 1 did not conclusively demonstrate the presence of HI in these structures. This information was desirable before a meaningful series of in vivo studies could be contemplated.
In an attempt to increase the sensitivity of the Hi antibody reaction, the immunoglobulin fraction ofthe anti-HI antiserum was isolated and a more concentrated incubation solution was prepared. Reactions of transferred blots of in vitro synthesized poly(ADP-ribose)+ Hi species with anti-polymer antibody and the concentrated anti-Hi IgG fraction were compared. The anti-poly(ADP-ribose) antibody reacted strongly with the various bands on the gel transfer (Fig. 2) . By allowing a much longer exposure time of the Hi blot (lane 2), direct detection of the Hi in all the various poly(ADP-ribose)+ species was achieved. With a shorter exposure of the polymer blot, identical electrophoretic bands were found in both samples. However, as anticipated by past characterization of the polymer antibody (17, 18) , no reactivity was noted at the band representing mono(ADPribose)+ Hi (lane 1). These data represent direct evidence for Hi in the dimer complex. The anti-poly(ADP-ribose) antibody was clearly the more sensitive and selective agent for detecting these products, if they existed, in vivo.
An interesting facet of the solid-phase nitrocellulose immunodetection method became evident during these experiments. It was noted that the low-mobility Hl-containing band (Fig. 2 , lane 2) reacted more strongly with the concentrated anti-Hi IgG fraction than did the bulk Hi band, although there was substantially less protein present in the former as assessed by staining. Control experiments indicated that this was not due to differential electrophoretic transfer or selective retention on nitrocellulose ofpoly(ADP-ribose)+ HI. In addition, under conditions of dilute antibody (i.e., antiserum), only the band with high antigen concentration was detected by the anti-Hi antibody (Fig. 1, lane 1) .
Strips of nitrocellulose spotted with increasing concentrations of HI were treated with either a dilute or a concentrated solution of anti-Hi antibody and then washed extensively to remove unbound (or weakly bound) antibody. The results of these experiments suggested that the above observations may be related to the well-established effect of the valency of binding of IgG on the apparent dissociation rate constant for antigen-antibody interactions or, alternatively, to some property related to the method utilized to concentrate the IgG fraction.
It should be noted, however, that the reactivity ofpoly(ADPribose) with the anti-poly(ADP-ribose) IgG preparation was proportional to the concentrations of polymer transferred to nitrocellulose (see Fig. 1, lanes 4 and 5) , and that the above phenomenon was not experienced with this antibody preparation.
Immunological Detection of HI Dimer in Vivo. In the next experiment, cells (I x 108) from asynchronously growing HeLa cell cultures were isolated and extracted directly for Hi. Whole cells were chosen for extraction to alleviate any potential degradation of poly(ADP-ribose)+ Hi during cellular lysis and nuclear isolation. The 5% perchloric acid-soluble cellular fraction was electrophoresed and transferred to nitrocellulose as in the earlier in vitro experiments (Fig. 3) . The results indicated that, although intracellular HI was clearly isolated and transferred by the blot technique (as indicated by positive reactivity to the anti-HI antiserum, lane 2), negligible quantities of poly(ADPribose)+ Hi could be detected in asynchronously growing cells by reaction with the polymer antibody (lane 1).
Previous experiments from our laboratory (22) and by Kidwell and Mage (29) using synchronized cells have demonstrated two major periods in the cell cycle when significant synthesis of poly(ADP-ribose) occurs; the middle of S phase, and a much larger synthesis ofpolymer at the S/G2 boundary. Accordingly, we analyzed these two periods by using immunological methods Fig. 1 (lane 5) was electrophoresed and transferred to nitrocellulose as before. Lanes: 1, transferred blot was exposed to anti-poly(ADP-ribose) IgG and 1251-protein A as in Fig. 1 , and autoradiography was for 1 day; 2, duplicate transferred blot was exposed to diluted (3 mg/15 ml) anti-Hi IgG (rather than antiserum, as in Fig. 1, lane 6 ) and 125I-protein A (autoradiography was for 7 days). Cell Biology: Wong et aL for the in vivo poly(ADP-ribosylation) of Hi and the assembly of Hi dimer complex (Fig. 3 ). Cells were synchronized by a methotrexate block and induced to enter S phase by the addition of thymidine (22) . Samples of cells (1 x 108) were isolated 4 hr (lane 3) and 8 hr (lane 4) after the entry of cells into-S phase. Subsequently, Hi was extracted, blotted, and processed for reactivity with anti-poly(ADP-ribose) antibody. No poly(ADPribose)+ Hi was noted in the 4-hr sample, but significant quantities of both HI dimer and its biosynthetic intermediates were observed in cells 8 hr after release of the methotrexate block. Earlier studies (Fig. 1, lanes 1-3) showed that the poly(ADPribose)+ intermediates in Hi modification could be chased efficiently by 100 AuM NAD into Hi dimer (10, 26) . Because the in vivo concentration of nuclear NAD has been estimated as 100-300 ,M (28), it might be anticipated that an array of poly(ADP-ribose)+ Hi species, including the dimer complex, would exist naturally. In addition, the observation that both the dimer and steady-state amounts of the poly(ADP-ribose)+ Hi intermediates were found in vivo suggests that the turnover of modified H1 is dynamic in living cells.
DISCUSSION
Here we describe a highly specific technique for investigating the poly(ADP-ribosylation) modification of nuclear proteins in living cells. Other nucleoprotein modifications, (i.e., acetylation, methylation, phosphorylation) can be conveniently studied in intact cells by nondestructive labeling procedures utilizing specific radioactive precursors, but this has not been feasible with the poly(ADP-ribose) system because of the lack of permeability of NAD. In addition, by utilizing antibody to the modified moiety, rather than to the protein per se, the procedure allows both the endogenous as well as the newly modified components of specific nucleoproteins to be examined both qualitatively and quantitatively. Because, the poly(ADP-ribosylation) modification of histones is a highly dynamic process, encompassing only a minute percentage of the genome at any one time, the high level of sensitivity of the antibody/gel blot technique provides an additional advantage for the study of this particular post-translational modification.
In the present study, we were able to investigate the modification of Hi in living cells by extending the technique recently described by Towbin et-al. (24) . The major modification of the original method was the use of acetic acid/urea gels and their subsequent transfer in 0.9 M acetic acid buffer. The separated proteins on the polyacrylamide gels were blotted electrophoretically to nitrocellulose and allowed to react with antibody directed against poly(ADP-ribose)+ moiety ofthe protein per se. Alternatively, antiserum against Hi was utilized to identify the protein itself. Stone et al. (9) (Fig. 2, lane 2) , we were able to provide direct evidence for the presence of Hi in the dimer complex and its biosynthetic intermediates. Previous studies have demonstrated only short units ofADP-ribose (mainly mono-adducts) on isolated nuclear proteins extracted from viable tissues (14) (15) . The proteins in the present study were isolated directly from intact cells, without prior isolation of nuclei, in order to prevent the enzymatic degradation of endogenous poly(ADPribose) chains during isolation by such enzymes as poly(ADPribose) glycohydrolase.
The poly(ADP-ribosylation) of H1 has been of particular interest because of the unique crosslinking of this histone which results from the reaction. The experimental evidence for the existence of the poly(ADP-ribose)-Hi dimer has been entirely from in vitro studies utilizing either isolated nuclei (9) or, more recently, purified nucleosomal preparations (10) . However, when it has been studied in tissues, the in vivo occurrence of this alteration in the H1 structure is equivocal (16) .
Recently, there has been renewed interest in the poly(ADPribosylation) modification, based upon numerous studies which suggest a significant stimulation in the synthesis of poly(ADPribose), in response to DNA strand breaks (5) (6) (7) (8) . Such modification could result in the alteration of domains of chromatin during some. step in DNA repair (6, .7) . Accordingly, the in vivo correlation between the H1 crosslinking by poly(ADP-ribosylation) and cellular functional events, including DNA repair and replication, now can be readily approached by using the antibody method described here. For example, .a nucleosomal crosslinking reaction promoted by long-chain poly(ADP-ribosylation) has been described (26, 27 (27) . The crosslinking of H1 and, concomitantly, of chromatin (albeit indirectly) can be followed in vivo under various physiological conditions via this approach.
In an earlier study, we detected the presence of a series of sequential poly(ADP-ribose)+ intermediates [i.e., H1 containing increasing chain lengths of poly(ADP-ribose)] which occur during the in vitro synthesis of the H1 dimer (10). Radioactive evidence was provided for 14.intermediates, which could be subsequently "chased" into the H1 complex by incubation with 100 uM nonradioactive NAD. Utilizing the antibody directed against poly(ADP-ribose), we have now been able to verify the existence ofthese partially AD.P-ribosylated H1 species in living cells. The use of antibody to H1 has verified that poly(ADP-ribose) is bound to this histone in these products and also to the dimer (Fig. 2) .
It was perhaps predictable that the levels of the H1 complex were too low to be readily detectable in asynchronously growing cells (Fig. 3) . This observation was consistent with past studies indicating that the percentage of nuclear H1 undergoing poly(ADP-ribosylation) at any one time is <1% ofthe total chromatin content of this histone (9, 10) . It then seemed reasonable, in an attempt to verify the natural occurrence ofthis crosslinked complex of H1, to examine those phases of the cell cycle in which the levels of total cellular poly(ADP-ribosylation) and the specific activity of poly(ADP-ribose) polymerase have been shown to be maximal (22, 29) . Consequently, it was of interest that significant amounts of ADP-ribosylated H1 were detected at the boundary between the S and G2 phases of the cell cycle, when there is a 5-fold increase in poly(ADP-ribose) accumulation over basal levels (29) . Kidwell and Mage (29) have noted that the amount of poly(ADP-ribose) increases rapidly, in cells synchronized in S phase 1 hr after block release; a peak is reached at the middle of S phase (29) . A second,. even larger, increase occurs at the S/G2 transition point in the same synchronized HeLa cell culture. We cannot rule out the possibilities ofthe accumulation ofmodified H1 at other periods within the cell cycle, not examined in the present study. In addition, the blotting technique, at this level ofanalysis, is still relatively qualitative.
In 1975, Ueda et aL (15) reported that poly(ADP-ribose) is 208 Cell Biology: Wong et aE attached to histones in vivo and is present both as mono-adduct and in a polymeric form. Most of the (ADP-ribose)n-Hl conjugates noted to exist in vivo seemed to contain single (ADPribose) units; the existence ofADP-ribosylated H1 with longer lengths ofpolymer attached in the form ofa dimer had not been possible to determine experimentally in living cells.
It has been suggested that the poly(ADP-ribose)-H1 dimer may be a transient modification which causes localized condensation of chromatin after periods of relaxation during DNA repair or replication (9) . A major unanswered question is whether poly(ADP-ribosylation) condenses other histones besides H1. With the techniques described here, these functions may now be assessed experimentally in vivo to evaluate critically the participation ofpoly(ADP-ribosylation) in DNA repair and to study the modification of other well-defined nuclear proteins by poly(ADP-ribose) polymerase. A Sepharose-bound polymer antibody column and nucleosome-blotting analysis with polymerase antibody have proven most useful for this purpose, and experiments involving such will be reported subsequently (30) .
These results represent direct evidence for the occurrence of poly(ADP-ribose)+ H1 and its crosslinked dimer in living cells. The immunological method utilized in this study should aid in the elucidation of the biological function of this major product of poly(ADP-ribose) polymerase reaction.
